Objective: A novel assay was employed to study the free 1,25-dihydroxyvitamin D (1,25(OH) 2 D) concentrations in various populations with different levels of 1,25(OH) 2 D and vitamin D binding protein (DBP). Design: In 12 healthy women before and after 3 months of oral estrogen/progestagen treatment, 10 pregnant women, and 16 patients with a nephrotic syndrome and normal renal function, the concentrations of total and free 1,25(OH) 2 D, DBP and albumin were assessed. Methods: The total concentration of 1,25(OH) 2 D in serum was assessed using a radioreceptor assay. The free fraction of 1,25(OH) 2 D was measured using symmetric dialysis. DBP was assessed using single radial immunodiffusion. Serum albumin concentrations were measured on an automated analyzer. Results: In healthy women, the concentrations of total 1,25(OH) 2 D, free 1,25(OH) 2 D and DBP were 132^19 pmolalY 92^30 fmolal and 5X59^0X43 mmolalX After 3 months of estrogen/progestagen treatment, total 1,25(OH) 2 D and DBP levels rose significantly to 175^51 pmolal and 8X321 X59 mmolal P # 0X05 and P # 0X001; the free 1,25(OH) 2 D remained unchanged 1053 9 fmolal; not significant). Pregnant women had significantly higher levels of total 1,25(OH) 2 D and DBP 239^68 pmolal and 11X32^1X77 mmolal; both P # 0X001; the free 1,25(OH) 2 D level, however, was not different 104^27 fmolal; not significant). Unexpectedly, in patients with nephrotic syndrome, no lower DBP levels were found 5X36^0X84 mmolal relative to that in controls. Despite this, levels of both total 69^26 pmolalY P # 0X001 and free 1,25(OH) 2 D 532 8 fmolal; P # 0X001 were significantly lower than in controls. Albumin levels were lowered from 628^38 mmolal to 300^84 mmolal (P # 0.001). Conclusions: Higher estrogen levels result in higher DBP levels, with a parallel rise in total 1,25(OH) 2 D levels but without a change in the biologically active free fraction. The results in patients with nephrotic syndrome show that, with increasing glomerular protein leakage, the free 1,25(OH) 2 D concentration cannot be maintained.
Introduction
Vitamin D is an important hormone which is involved in many biological processes. To study the effects of a hormone, it is widely considered best to assess its free concentration instead of the total concentration. This is because, according to the so-called`free hormone hypothesis', this fraction better reflects the biologically active hormone (1) .
All of the vitamin D metabolites that circulate in blood are bound to carrier proteins. The active metabolite, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), has been shown to bind to a specific binding protein, vitamin D binding globulin (DBP), albumin, and perhaps also to lipoproteins. Whilst the binding of DBP of vitamin D occurs with a K a similar to that for 1,25(OH) 2 D (2), the other hydroxylated metabolites bind to DBP with affinities that are about 100 times as high (3±5). The metabolites 25-hydroxyvitamin D (25(OH)D) and 24,25-dihydroxyvitamin D (24, 25 (OH) 2 D) circulate in blood at concentrations about 1000 times higher than those of 1,25(OH) 2 D, but because of the remarkably high concentration of DBP in relation to the vitamin D metabolites, many binding sites are still available for 1,25(OH) 2 D and the percentage of free hormone is very low (,0.1%) (6) .
The DBP synthesis takes place in the liver and can be stimulated by estrogens (2) . This increased DBP level is capable of binding more 1,25(OH) 2 D. However, theoretically there should be no effect on the free concentration, since estrogens have no direct effect on the 1-hydroxylation of 25(OH)D in the kidney (7). Therefore, when the free-hormone hypothesis also holds for 1,25(OH) 2 D, there should be no signs of hypercalcemia when total 1,25(OH) 2 D levels are increased during estrogen intake. The opposite would be found in situations of reduced DBP levels, such as with nephrotic syndrome or liver cirrhosis. Reduced levels of total 1,25(OH) 2 D would be found with normal free concentrations. Literature on this subject, however, is scarce.
Indeed, it has been shown that during pregnancy there is a rise in both DBP and total 1,25(OH) 2 D due to increased estrogen levels. However, in some studies the free 1,25(OH) 2 D concentration remained constant (6, 8, 9) , while others found increased free levels (10) . For nephrotic syndrome, some authors have reported no drop in free 1,25(OH) 2 D concentrations (11), whereas others found a reduced free index (12) .
Reported results during premenopausal estrogen intake are even more diverse. An increase in total 1,25(OH) 2 D has been found (8, 13, 14) , but also no increase (15) . Only two studies investigated the free index and found it to remain constant (8, 13) . To our knowledge, no study has been performed in which the free concentration has been assessed during premenopausal estrogen intake.
In the study presented here, total and free 1,25(OH) 2 D concentrations were assessed, as well as albumin and DBP levels in sera of nephrotic syndrome patients and of women during a 3 month study during which they took oral contraceptives. Furthermore, DBP was assessed in samples from pregnant women, for which the total and free 1,25(OH) 2 D concentrations were presented previously (9) . Thus, the behavior of the free 1,25(OH) 2 D concentration was studied in several situations for which different DBP levels were to be expected.
Subjects and methods

Subjects
The control group consisted of samples from 12 healthy women who were not taking any medications known to influence vitamin D or calcium metabolism. As shown before, there is no difference between healthy men and women in terms of total 1,25(OH) 2 D (16), free 1,25(OH) 2 D (9) or DBP (17) , indicating that the present control group can be used in all further statistical analyses.
Blood samples were also obtained from the aforementioned 12 women after 3 months of oral contraceptive therapy. This therapy consisted of the administration of 20 mg ethinylestradiol with either 150 mg desogestrel (Mercilon, Organon, Oss, The Netherlands) or 75 mg gestodeen (Harmonet, AHP Pharma, Hoofddorp, The Netherlands).
Furthermore, blood samples were obtained from 10 pregnant women (third trimester) and 16 patients (14 male, 2 female) with nephrotic syndrome and normal renal function. Again, none of these subjects were taking any medications known to influence vitamin D or calcium metabolism.
The study was performed according to the standards of the Ethical Committee of the Academic Hospital Nijmegen, St Radboud, Nijmegen, The Netherlands.
Total 1,25(OH) 2 D assay
The assessment of total 1,25(OH) 2 D was performed as described before. In short, 1 ml serum samples were extracted using 15 ml diethylether, after which the extracts were subjected to paper chromatography, which separates the major vitamin D metabolites. A radioreceptor assay was then performed using calfthymus receptor; it was based on the assay as described by Reinhardt et al. (16) . The sensitivity of the assay was 0.5 fmol/tube, corresponding to 4 pmol/l in serum, calculated as 3 times the standard deviation in the lowest standard point (0 pmol/l) and reading that from the standard curve. The intra-and interassay coefficients of variation were 10.5% n 15 at 93.4 pmol/ l) and 11.5% n 8 at 103.3 pmol/l) respectively. The range of values measured in healthy controls was 80± 200 pmol/l. There was no significant difference between men and women, nor any correlation with age.
Free 1,25(OH) 2 D assay
The free 1,25(OH) 2 D concentration was assessed by measuring the free fraction and multiplying it by the total 1,25(OH) 2 D concentration. The free fraction was measured using symmetric dialysis as described previously (9) . In short, before dialysis, the serum samples were diluted 15-fold in phosphate buffer (50 mmol/l phosphate, 0.1 mol/l NaCl; pH 7.40). At this dilution, the free fraction is such that about 20±30% of the tracer migrates through the membrane during dialysis for approximately 16 h. To assess the free fraction, one compartment of a dialysis cell (Dianorm GmbH, Munich, Germany) was filled with 1 ml of this diluted serum and the other compartment was filled with the same diluted sample to which 0.15 KBq 3 H-1,25(OH) 2 D 3 (23.8 fmol) (NET 626, 6.3 TBq/ mmol; NEN, Dupont de Nemours, The Netherlands) had been added. The amount of tracer added (23.8 fmol) corresponds to 347 pmol/l in undiluted plasma, which is of the order of magnitude of the endogenous total 1,25(OH) 2 D concentration. The rate at which the tracer migrated from one compartment to the other was directly proportional to the magnitude of the free fraction of hormone. The free fraction was determined by comparing the dialysis rate of the sample with that of the tracer in a reference preparation for which the free fraction was known. This reference preparation was a 1% human serum albumin (HSA) (OHRA 20/21, Behringwerke AG, Marburg, Germany) solution in phosphate buffer (50 mmol/l phosphate, 0.1 mol/l NaCl; pH 7.40) for which the free concentration had been assessed beforehand using indirect equilibrium dialysis. The range of values measured in healthy controls was 60±150 fmol/l.
Other assays
Calcium, albumin, creatinine and total protein were kindly assessed in the Central Clinical Chemistry Laboratory of the Academic Hospital Nijmegen, using a Hitachi 747 automated analyzer (Boehringer Mannheim Corp., Indianapolis, IN, USA). In nephrotic syndrome, calcium levels were corrected for the low albumin levels by the formula: Ca corrected Ca assessed 2 0X025 albumin 1X00 mmolalX DBP levels were kindly assessed in the Laboratory for Experimental Medicine of Professor Dr R Bouillon at the Catholic University Leuven, Belgium, using single radial immunodiffusion (17) .
25(OH)D was assessed using HPLC according to Dabek et al. (18) .
Intact parathyroid hormone (PTH) was measured using a commercial assay (Nichols, San Juan Capistrano, CA, USA).
Statistics
All values are given as means^S.D. Statistical analysis was performed using SPSS for Windows (version 6´0´1; SPSS Inc., USA). When Shapiro±Wilks testing revealed that data were not normally distributed, logarithmic transformation was performed. To compare groups, ANOVA and subsequent t-tests were performed. Correlation analysis was done by calculating the Pearson correlation coefficients.
Results
Ranges and significant differences for total and free 1,25(OH) 2 D as well DBP are shown in Fig. 1 .
During the use of oral contraceptives, DBP levels rose from 5X59^0X43 mmolal to 8X32^1X59 mmolal P # 0X001X The mean total 1,25(OH) 2 D concentration rose significantly from baseline levels of 132X41 9X1 pmolal to 174X9^50X8 pmolal after 3 months of therapy P # 0X05X The mean free 1,25(OH) 2 D concentrations at both points did not differ significantly and were 92X3^29X9 fmolal and 105X2^39X5 fmolal respectively. Albumin levels showed no significant change (from 628^38 mmolal at baseline to 6234 3 mmolal after 3 months).
In pregnant women, a significant increase was found in DBP 11X32^1X76 mmolalY P # 0X001 and total 1,25(OH) 2 D 239X1^67X5 pmolalY P # 0X001Y but not in free 1,25(OH) 2 
The characteristics of the patients with nephrotic syndrome are summarized in Table 1 . In nephrotic 
syndrome, the mean DBP level was 5X350
X84 mmolalY a value that was not different from the controls. The mean total 1,25(OH) 2 D concentration was 68X7^25X7 pmolal and the mean free concentration was 53X3^27X9 fmolalX The total 1,25(OH) 2 D concentration in these patients was significantly lower than the reference level P # 0X001Y as was the free concentration P # 0X001X The albumin concentration was significantly lower than that in the controls 300^84 mmolal vs 628^38 mmolal; P # 0X001X In patients with nephrotic syndrome, statistically significant positive correlations were found between the concentration of albumin and the levels of both total 1,25(OH) 2 D r 0X54; P # 0X05 and free 1,25(OH) 2 D r 0X52; P # 0X05X DBP levels did not correlate with 1,25(OH) 2 D, or with albumin. The levels of 25(OH)D were low 29X8^11X3 mmolal and correlated with DBP r 0X55; P # 0X05 and urine protein r 20X57; P # 0X05Y but not with total or free 1,25(OH) 2 D or with albumin levels.
Discussion
To our knowledge, this is the first report of the measurement of the free 1,25(OH) 2 D concentration during premenopausal estrogen/progestagen intake. There have been previous studies investigating the effect of premenopausal estrogen/progestagen on the concentrations of total 1,25(OH) 2 D and DBP, but these results were ambiguous. An increase in total 1,25(OH) 2 D (13, 14) has been reported, though others found no such effect (15) . Most, but not all (14) , studies report an increase in the concentration of DBP (2, 13) . Two studies report no change in the free 1,25(OH) 2 D index during oral estrogen intake (8, 13) , but the actual free concentration was not assessed. This index is the molar ratio of the total concentration of 1,25(OH) 2 D to the concentration of DBP, and obviously is not as precise as a real measurement since it ignores changes in the albumin/DBP ratio and interference from high levels of 25(OH) 2 D. The present study shows a significant increase in both total 1,25(OH) 2 D and DBP levels, whilst the free 1,25(OH) 2 D concentrations remain nearly constant. Similar results were found in pregnancy, during which the increase in both total 1,25(OH) 2 D and DBP levels is even higher than that after 3 months of estrogen use, but the free concentration also remains nearly the same. This increase in total 1,25(OH) 2 D and DBP concentrations during pregnancy has been reported previously (2, 8) . Reports on the free 1,25(OH) 2 D are again equivocal. Some authors have reported an increase in the free 1,25(OH) 2 D concentration (10), whereas others have found no change in the free 1,25(OH) 2 D index (6, 8) .
These results show that the free hormone hypothesis is valid for 1,25(OH) 2 D, as it is for thyroid hormones and the other steroid hormones (19) , and therefore suggest that the free concentration of 1,25(OH) 2 D is a more reliable marker for the biological availability of 1,25(OH) 2 D than is the total plasma concentration. It is also shown that premenopausal higher estrogen levels do not result in increased levels of free 1,25(OH) 2 D. Any additional effects of the progestagenic compound during the experiments are not known.
In patients with nephrotic syndrome, many plasma proteins are lost in the urine. As a consequence, it was expected that lower levels of DBP would be found in parallel with lower total 1,25(OH) 2 D levels, and that, because of normocalcemic conditions, the free 1,25(OH) 2 D concentrations would be normal. However, the results were not as expected. Although most patients had profound hypoalbuminemia, the DBP levels were normal, and total 1,25(OH) 2 D concentrations as well as free 1,25(OH) 2 D levels were reduced. The data in the literature on changes in the DBP and total 1,25(OH) 2 D in nephrotic syndrome are equivocal. Some authors report lower concentrations of DBP (2, 20, 21) , and in some studies a correlation between serum albumin and DBP levels was found (12, 21) . In contrast, other investigators report unchanged levels of DBP in patients with nephrotic syndrome (22) . Likewise, total 1,25(OH) 2 D levels have been found to have decreased (12, 21, 23, 24) or to have been unchanged (22, 25) in patients with nephrotic syndrome.
A few investigators have used different methods to measure free serum 1,25(OH) 2 D levels in patients with nephrotic syndrome. In one study, free levels of 1,25(OH) 2 D, as determined by assessing the free index, were found low (12) . However, with the same methodology, Chan et al. (26) and Grymonprez et al. (21) reported normal levels. Koenig et al., who used centrifugal ultrafiltration, also found normal levels of free 1,25(OH) 2 D (11). It has been shown, however, that the centrifugal ultrafiltration method for assessing the free 1,25(OH) 2 D concentration is rather prone to disturbance, especially at low concentrations (9) . The validity of the assessment of the free index is questionable, since it neglects relevant variables (9, 10). Another explanation for the reduced 1,25(OH) 2 D levels could be impairment of 1a-hydroxylase activity and a blunted response to PTH because of defective proximal tubular function (27) . These possible mechanisms are the subject of further research.
Furthermore, a correlation of 1,25(OH) 2 D with serum albumin (and not with serum DBP) was observed in this study, as well as in previous research (24) . At first sight, this seems incomprehensible, because under normal circumstances at least 85% of all 1,25(OH) 2 D is bound to DBP (29) . However, this phenomenon could be explained by the continuous loss of albumin-bound 1,25(OH) 2 D in the urine. Lower total 1,25(OH) 2 D levels will lead to lower free 1,25(OH) 2 D levels and, consequently, to a dissociation of the DBPbound fraction. This reasoning assumes that the loss of albumin-bound 1,25(OH) 2 D is much larger than the loss of DBP-bound 1,25(OH) 2 D. Although not much is known about DBP concentrations in nephrotic syndrome, there is indeed some evidence, reported by Schmidt-Gayk et al. (20) , for this assumption.
In conclusion, it has been shown that in premenopausal women with endogenous or exogenous estrogen/progestagen excess the serum free 1,25(OH) 2 D concentration is constant and independent of DBP or total 1,25(OH) 2 D concentrations. This means that the free hormone hypothesis can be applied to 1,25(OH) 2 D as for other steroid hormones.
In patients with nephrotic syndrome, however, free 1,25(OH) 2 D concentrations are low despite normal levels of DBP. These alterations in 1,25(OH) 2 D metabolism may be responsible for the reported alterations in bone metabolism in patients with nephrotic syndrome (30) .
